Heterotrophic bacteria associated with the Caribbean sclerosponge, Ceratoporella nicholsoni (Hickson), were found to occur extracellularly and were confined to the mesohyl regions of the sponge tissue. Physiological, metabolic, and morphological attributes of the culturable bacteria associated with the sponge were recorded by using numerical taxonomy methods for the analysis of 158 phenotypic attributes. Morphometric methods were used to determine the proportion of the total sponge-associated bacteria that were culturable by the methods employed, with the results ranging from 3 to 11% of the total bacteria inhabiting the sponge. Approximately 78% of the culturable bacteria clustered into four groups or phena, representing two previously undescribed Vibrio spp., an Aeromonas sp., and a coryneform-or actinomycete-like sp. Most of the bacteria were facultative anaerobes, fermenting sucrose and fucose but unusual in an inability to ferment glucose. This study was the first comprehensive study of heterotrophic bacteria associated with a sponge from the Caribbean basin, a region reputed to contain the most prolific sponge populations, with respect to biomass and diversity. The possible significance of these associations is discussed.
Microbial symbionts associated with marine sponges include bacteria, cyanobacteria, and unicellular algae. Most studies of the symbioses involving procaryotes and sponges are documented by electron microscopy (27, [35] [36] [37] 41) . These ultrastructural studies are limited to morphological descriptions of the bacterial cells and approximations of their relative abundance within the sponge matrix. Few investigators have explored potential metabolic relationships and capabilities of the symbiont-host complex. A more informative approach is to isolate symbiotic bacteria and examine those physiological and biochemical processes that define their metabolic and taxonomic status.
Large numbers of heterotrophic bacteria of diverse morphology are reported from marine sponges (23, 36, 42, 48) . In ultrastructural studies, it has been shown that often bacteria occupy more sponge volume than do the sponge cells-up to 60% of the mesohyl, the region between the thin external epithelium and internal flagellated epithelium (27, 37, 42) . Published micrographs reveal that most symbiotic bacteria possess cell walls typical of gram-negative bacteria. Three classes of heterotrophic bacterial associations with sponges can be categorized as (i) small populations of cosmopolitan bacteria of a species composition similar to that in ambient seawater, most likely utilized as a food source by the host,
(ii) large species-specific populations inhabiting the mesohyl region and not in the ambient seawater, most likely true symbionts, and (iii) very small bacteria located inside sponge cells (37) .
A phenotypic analysis of heterotrophic bacterial symbionts of Great Barrier Reef and Mediterranean Sea sponges provides an understanding of functional relationships between the sponge host and its bacterial symbionts (42 taxonomically diverse sponges collected from geographically distant localities (48) . Most of the symbiotic bacteria differ from the bacteria isolated from ambient seawater, with the most prominent symbiont phenotype being an oxidasenegative, facultative anaerobe, able to metabolize a wide range of compounds and possessing characteristics most closely resembling those of the family Enterobacteriaceae (42) .
A community of morphologically diverse bacteria is found associated with the Caribbean sclerosponge, Ceratoporella nicholsoni (Hickson), and large numbers of sponge-associated bacteria compose up to 57% of the cellular composition of the mesohyl (49) . The bacteria are located primarily extracellularly in the mesohyl regions and rarely are found associated with the dermal layers attached to the surface and lining of the aquiferous system. The sizes and morphologies of the bacteria are highly variable, with the majority being rod or coccoid shaped. Most of the bacteria possess cell walls typical of gram-negative bacteria. Culturable bacteria residing within the sclerosponge C. nicholsoni are very different from bacteria isolated from ambient seawater surrounding the sponge, a conclusion based on phenotypic and serological data (D. L. Santavy, Ph.D. dissertation, University of Maryland, College Park, 1988).
A numerical taxonomic study was done to determine the role of the bacteria associated with the Atlantic sclerosponge, C. nicholsoni. Phenotypic analysis was used to elucidate the ecological, physiological, and morphological attributes of bacteria associated with the sponge and their potential contribution to the physiology of the sponge. The objective of the study was to define the metabolic capabilities of the sponge-associated bacteria and to elucidate the interactions between individual bacterial species and the host, as well as other species of the microbial community, so that the sponge-bacteria association might be more precisely understood. Isolates examined in this study were aerobic bacteria readily cultured on the media employed. Relatively rare symbionts, or those more difficult to culture, are underrepresented because of the limitations of the microbiological on November 6, 2017 by guest http://aem.asm.org/ Downloaded from PHENOTYPIC STUDY OF BACTERIA IN SCLEROSPONGE methods currently available. It is our intent to utilize the isolates characterized in this study for preparation of genetic probes so that, ultimately, molecular genetic methods may be used to define the bacteria-sponge relationship.
MATERIALS AND METHODS
Collection and culture of symbiotic bacteria. Bacteria associated with the sclerosponge C. nicholsoni were extracted from a single sponge species collected in a submarine cave at a depth of 30 m in Jamaica Bay at Acklins Island, Bahamas (74017.1'W, 22010.3'N), during August 1985. Collection was conducted as aseptically as possible underwater. All specimens were collected by using SCUBA and wearing sterile surgical gloves to reduce the contamination by allochthonous bacteria. Small sponge samples were collected by using a sterilized geologist's pick and cold chisel. Samples were cleaned of debris and sediment, placed in sterile Whirl pacs, and sealed underwater. Processing began within 1 h after collection.
All extraction and isolation procedures were performed aseptically. All instruments, glassware, and buffers were autoclaved or filter sterilized prior to use. Sponge surfaces were washed with jets of autoclaved, filtered seawater (0.22-,um-pore-size filter) until they were visibly free of debris. The sponge surface was sterilized in a rapid wash of 70% ethanol and immediately immersed in autoclaved, filtered seawater and aspirated. A measured area of sponge tissue was removed from the calcareous skeleton with a sterile scalpel. The tissue was immediately transferred to a sponge dissociation medium, CMFSW (2.7% NaCl, 0.008% KCl, 0.01% Na2SO4, pH 8.0 [13a] ). The specimens were soaked for 20 min. The tissue and diluent were macerated with an Omni Mixer tissue homogenizer (Ivan Sorvall, Inc.).
The homogenate was plated by using a dilution series to 10'-and employing the spread plate technique. Each dilution was plated in quadruplicate on each of four media described below.
Three media were used to select for specific trophic modes, and a fourth medium was Enumeration of total bacteria present in the sponge. Morphometric and stereological methods were employed to quantitate the total number of bacteria contained within the sponge tissue by using transmission electron micrographs (TEMs). Low-magnification TEMs of C. nicholsoni collected from Acklins Island were prepared as described elsewhere (49) . The number of bacteria per unit volume (Nv) of sponge was estimated by using the formula of Weibel and Gomez (38) (38) to estimate the number of particles in a three-dimensional volume from two-dimensional TEMs. The bacteria were assumed to be wholly convex, randomly distributed and orientated in the tissue, and nonspherical (1). It was assumed that no significant compression or shrinkage of the bacteria in the tissue occurred and that all sections were random and not serial or overlapping (3). Lastly, it was assumed that the smallest dimension of a bacterium was relatively large compared with the thickness of the TEM section and that there were no artifacts due to thick sections (12) .
The progressions of errors for calculating N, were obtained using the following expression (1, 12) The shape coefficient (p) was determined by estimation of the mean axial ratios (R) of bacterial length to diameter and overall ellipsoidal shape (12) . R was estimated from five random TEM sections ranging in magnification from 6,000 to 9,000 and encompassing a total area of 4,061 p.m2. Measurements of maximum length and minimum diameter were made on all complete profiles of bacteria contained within each TEM. Axial ratios were calculated by length and diameter measurements and the mean axial ratio. The SE was obtained for each TEM examined. A grand mean and variance were estimated by calculating a weighted average for both statistics for all the TEMs examined in this study (34) . Each strain was characterized by using 158 characteristics (Tables 1 and 2 ). Duplicate strains were selected by using a random-number generator and treated as independent strains throughout the study. All test media were supplemented with appropriate ions reported by other investigators to be required by marine bacteria (16) . The media used to test marine bacteria were supplemented with appropriate cations if the conventional test medium was designed for terrestrial or freshwater bacteria. The basal medium used for some of the characterization tests was MMA or modified marine broth (MMB), the latter being MMA without agar. Analytical-grade reagents and medium supplements were used in the preparation of media. Positive and negative controls were included in each test. Morphological features were resolved employing light microscopy and TEM. Gram reactions were determined with heat-fixed smears of logarithmic-phase cultures grown in MMB and employing the Hucker modification of the Gram stain (11) and were confirmed by using the KOH method of Buck (8) . Swarming was tested on MMA, and the luminescence test medium was examined after 24 and 48 h (40) . Negatively stained specimens viewed by TEM were used to determine cell shape, presence and type of flagella, mode of cell division, and any unusual morphological features. Logarithmic-growth-phase cultures grown in MMB were fixed in a 2% glutaraldehyde-3% paraformaldehyde phosphate buffer solution (Millonig phosphate buffer [13] ; osmolarity, 998 mM with sucrose) and placed on Formvar resin-coated copper grids. The cells were negatively stained with 1% phosphotungsten acid (pH 7.3) and viewed with a JOEL 100CX2 TEM (60 kV).
The biochemical traits of the strains were determined by employing conventional media modified by the addition of marine salts. The following characteristics were tested: oxidase reaction, reduction of nitrate and nitrite, denitrification, decarboxylation of lysine and ornithine, arginine hydrolase production (determined by the methods of both Moeller and Thornley [40] ), gluconate oxidation after incubation for 7 days, indole production, and hydrogen sulfide production (10) . The protocols of Smibert and Krieg (29) were utilized for tests of the following: Voges-Proskauer reaction, gas evolution from glucose, and catalase production (method two). The presence of 3-galactosidase was determined by the detection of o-nitrophenyl-p-D-galactopyranoside by utilizing the fluorogenic substrate 4-methyl umbelliferyl-p-D-galactoside (20) .
The physiological tolerances of the isolates to NaCl concentration, temperature, and pH were evaluated. The ability to grow at 4 and 42°C in MMB was tested and compared with growth at 25°C. Results were read after incubation for 2 and 5 days at 42°C and 14 days at 4°C. NaCl tolerances were tested by employing the following NaCl concentrations: 0, 3, 6, 8, and 10% in a medium consisting of 1% tryptone (Oxoid) and 0.01% sodium glycerophosphate. Growth at initial pHs of 4, 7, and 10 was observed when the same medium used to test 3% NaCl tolerance was employed (40) .
Acid production in carbohydrate media via fermentation was determined with a modified marine medium (17) . Utilization of the following compounds was tested at a final concentration of 1% (vol/wt): glucose, sucrose, lactose, arbutin, trehalose, cellobiose, mannose, inositol, mannitol, sorbitol, salicin, arabinose, galactose, and fucose. All isolates were screened for the ability to utilize 70 different compounds as sole sources of organic carbon (Table 3) . A modified basal medium containing electrolytes supporting growth of marine bacteria was used (40 * 0 0 -S T D 0 v . r g u s ; e . s \ M / w fis w 00
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: i w 1 r . , 3 \ | | { k f *°o t \ } > + \ -f _ -0 * , * w C ' P A * \ r e e l L w * a, ,; ff * f** .* * * w Ws P \_ (HMO) of each defined cluster was calculated (18) Table 2 , and a TEM of the tissue is provided in Fig. 1 (Fig. 2) . Twenty-five percent of the isolates did not cluster into phena but agglomerated into single-or double-member groups. Some of unclustered strains joined with reference strains at a higher similarity than with strains clustered into phena. The characteristics of the four phena and unclustered strains, the latter considered as one group for the purpose of this analysis and referred to as others, are given in Table 5 . Twenty-four traits were observed to occur in all HMOs. These traits included a rod shape; growth in 6% NaCI; fermentation of fucose and sucrose; oxidase; resistance to nalidixic acid, penicillin, methylene blue, and neutral red; no growth on TCBS agar; and degradation of Tween 40, Tween 60, Tween 80, tyrosine, DNA, gelatin, and phosphate. Traits which were absent from all HMOs were a presence of collagenase, alginase, sulfatase, and urease and utilization of Tween 20 and xanthine. Phena 1, 2, and 3 were most closely related to each other, but phenon 4 was very different from each of these.
Two major classes described the overall clustering patterns of the phena (Fig. 3) . The first class contained phena 1 through 3, which were most similar to one another. The second class contained phenon 4 (Fig. 3) . The fact that these isolates were very different from the other three phena resulted in a larger number of shared negative traits. In fact, strains included in phenon 4 joined at average S. of 67%, thereby including a total of nine strains.
Twenty-three percent of the isolates (classified as others in Table 5 ) did not form closely linked, discrete clusters. Three strains clustered at 60.8% similarity with Vibrio alginolyticus (Fig. 2) , the highest value at which an isolate from the sponge linked with a reference strain. One strain clustered at 58.2% with Aeromonas caviae. Two strains clustered with Pseudomonas fluorescens at 54.3% similarity. Micrococcus luteus was linked at 50% to a strain which did not require NaCl for growth. The majority of the isolates were gramnegative rods that were oxidase positive, possessed a polar flagellum, and required 3% NaCl for growth ( Table 6 ). Most of these strains were able to ferment at least four of the carbohydrates tested, but only a small fraction was able to ferment glucose. The majority of strains decarboxylated ornithine and were resistant to 50 pug of 0/129 per ml.
Utilization of sole carbon sources. The symbionts were able to utilize a broad spectrum of organic compounds as sole carbon and energy sources, including carbohydrates, organic acids, and amino acids. Dulcitol and N-acetyl-Dglucosamine were utilized by most of the isolates of the four phena. The following substrates were not utilized by most of isolates: sorbitol, L-histidine, L-proline, L-threonine, cellobiose, butyrate, 2-ketoglutarate, D-glucuronate, and taurine. Strains of phenon 4 were less frequently able to utilize substrates as sole carbon and energy sources, whereas strains of phenon 2 were the most metabolically versatile. In some cases, most of the isolates comprising phena 1, 2, and 3 were able to utilize a specific carbon source, while strains of phenon 4 were not, as in the cases of L-tyrosine, arbutin, D-galactose, glycogen, propionate, putrescine, and xanthine. The converse was true with D-arabitol, D-alanine, D-gluconate, and D-amygdalin.
DISCUSSION
This study represents the first comprehensive analysis of heterotrophic bacteria associated with a single sponge species found in the Caribbean basin, a region reputed to contain the most prolific sponge populations, with respect to biomass and diversity (43) . Similar or related studies have been done in the Pacific Ocean and Mediterranean Sea (42, 48) . The significant abundance of bacteria found to occur within the sponge alludes to their overall importance in this consortium. In a sponge, where the average proportion of the bacterial biomass exceeds the proportion of sponge cells, the potential implications of this association are obvious. In this study, a foundation for future work to explore the molecular genetic interactions between bacterial symbionts and the host sponge was laid, in that culturable bacteria were isolated and characterized. Future work will include the preparation of gene probes for determination of the location of these cells in the sponge and, ultimately, the nature of the association.
The percentage of culturable bacteria associated with the sclerosponge was observed to be significant and correlated with similar data reported elsewhere (49) . Bacteria associated with the sponge were not detected among the culturable bacteria isolated from the ambient water column surrounding the sponge, according to the results of phenotypic and serological analyses (Santavy, Ph.D. dissertation). In earlier studies of marine bacteria isolated from seawater, it was estimated that less than 1% of the total bacteria are culturable. Historically, knowledge of marine microorganisms is based on data gathered for the relatively few species and strains which could be cultured. The recovery and culture of symbiotic bacteria are a first step in gaining an understanding of the complex microbial community comprising symbiosis among the marine invertebrates. Molecular and immunological approaches will be applied to analyze the fundamental basis of symbiosis but will not negate the need to understand the metabolism and physiology of both the symbiont and the host.
The estimation of the percentage of culturable symbionts was achieved by an indirect method, by extrapolating the number of particles in a given volume from two-dimensional measurements to three-dimensional space. Obviously, there is some inherent error, but at the present time, morphometry offers a good approach for obtaining volumetric estimations with TEM (12) . The composite shape coefficient (I) corrects for multiple bacterial morphologies within the sponge but assumes an overall ellipsoidal shape (1) . Bacterial shapes observed within the sponge were, in general, ellipsoidal, but multiple populations of several cell shapes were observed.
Volumetric calculations employed an average sponge tissue thickness (49) , whereas in reality, the thickness and region containing the bacteria may be highly variable. The pinacoderm and aquiferous channels are not distributed uniformly throughout the sponge tissue, and the calcareous skeleton varies in the degree of penetration into the tissue layer (49) . Direct counts by epifluorescent microscopy were made, but the results were variable because eucaryotic cellular material from the homogenized sponge could not be discriminated from bacterial cells. Therefore, fluorochome dyes or direct count methods could not be used effectively to enumerate bacteria within the sponge. The ratio of the number of bacteria cultured from the sponge to the total number of bacteria within the sponge was very similar to the ratio reported in studies comparing the enumeration of bacteria by plate count and direct count methods (14) .
Approximately 78% of the culturable bacteria associated with the sponge demonstrated phenotypic characteristics most closely related to species in the families Vibrionaceae and Aeromonadaceae (9) , with most of the strains examined in this study demonstrating a requirement for 3% NaCl for growth. All strains of phena 1, 2, and 3 possessed features diagnostic for these families. All members were gram negative and oxidase positive and possessed fermentative metabolism without the ability to ferment glucose (15, 26, 39) . A distinctive but unusual attribute was the ability to ferment sucrose but not glucose. These organisms were classified as marine, sucrose-fermenting species of the genera in the families Vibrionaceae and Aeromonadaceae. The phena did not closely resemble any species previously described in the literature and are concluded to represent new species. Phena (42, 48) . Sponges of the Caribbean are classified as heterotrophic (43) and are believed to rely greatly on their heterotrophic bacterial populations for obtaining nutrients (24) rather than on the phototrophic mode which characterizes sponges from the Great Barrier Reef (44) . Phenotypically similar bacteria were isolated from sponges collected from the Mediterranean Sea and the Great Barrier Reef in earlier numerical taxonomy studies (41, 48) .
One bacterial cluster described in the earlier studies resembles bacteria isolated from C. nicholsoni in this study.
Common attributes include a requirement for marine cations, being facultatively anaerobic and gram negative, cell flagellation in culture, and the ability to metabolize a wide range of carbohydrates and amino acids. The largest cluster of strains, most closely resembling the family Enterobacteriaceae, was found in 9 of the 10 sponges surveyed from the Mediterranean Sea and the Great Barrier Reef (48) . Other clusters of bacteria observed at a lower frequency of occurrence in those sponges were also isolated from the water column samples and included gram-positive coccoid forms not requiring seawater for growth and pseudomonadlike bacteria (48) . Bacteria resembling these two major groups were not isolated from C. nicholsoni.
Valid comparisons between this study and the phenotypic analyses of past studies (42, 48) can be made after considering the different methods employed in the numerical taxonomic analyses. Over 50% of the traits included in earlier studies were based on colony and cell morphology and the compounds utilized as sole carbon energy sources, which are now recognized as being of limited value for determining taxonomic status. In general, cell and colony morphologies are highly variable and depend upon many environmental factors. Thus, potentially ambiguous results may be obtained from tests assaying compounds utilized as sole carbon energy sources, as discussed earlier (see above). Fermentative metabolism is usually assayed employing only glucose (42, 48) . Since most of the bacteria isolated from C. nicholsoni could not ferment glucose but did ferment sucrose, the fermentative abilities, an important taxonomic criteria, may be overlooked if only glucose is used to test for the presence of this trait. Other metabolic activities which were assayed in this survey were not assayed in the earlier surveys. In addition, preselection for certain groups of bacteria may have occurred in earlier studies, since strains were isolated by the pour plate method, which eliminates bacteria unable to tolerate temperatures of .450C. In this study, the lessselective spread plate method, which does not expose the bacteria to temperatures above their maximum viable growth temperature, was used, since many of the bacteria in this study were incapable of growth at 42°C or above.
Other studies provide evidence that sponges and their symbiotic bacteria may cooperate in a nutritive exchange of substrates that one may make available to the other (24); such exchanges may involve dissolved amino acid uptake (46) and bacterial collagen degradation (45) . Results of radiolabeling studies indicate that sponges can differentiate between ambient seawater bacteria consumed as food and symbiotic bacteria (47) . Most sponges are characterized by the production of slimes and mucins, which are found to be rich in polysaccharides. The results of analyses of polysaccharides from different sponges show significant variations in carbohydrate composition, often correlated with species specificity, although most of the sponge species which have been examined contained large amounts of galactose and fucose (19) , both of which were utilized by most of the bacteria associated with C. nicholsoni. Investigations of the partial carbon and energy budgets of bacteriosponges from the Caribbean apparently show a gross deficit compared with nonbacteriosponges, permitting the prediction that the dis- 
